Introduction
============

Development of highly sensitive and stable imaging probes is of considerable interest in many areas of biomedical research, ranging from cellular biology to molecular imaging and diagnostics. Fluorescent semiconductor quantum dots (QDs) are promising fluorescent nanoprobes offering an alternative to conventional organic fluorophores due to their unique properties.[@b1-ijn-9-2287],[@b2-ijn-9-2287] QDs show superior optical and chemical properties, ie, broad spectral absorption with a narrow emission band, higher brightness of fluorescence despite a low quantum yield, high photostability, and resistance to photobleaching.[@b3-ijn-9-2287],[@b4-ijn-9-2287] However, poor chemical stability, particle aggregation, and toxicity mediated by the cadmium semiconductor core limit the use of QDs in imaging.[@b5-ijn-9-2287]--[@b7-ijn-9-2287] These limitations are of major concern in applications where cellular uptake of QDs is required to visualize intracellular compartments.

In cell culture media, QDs have low stability due to particle aggregation and surface degradation, which leads to minimal cellular uptake and difficulties with respect to the interpretation of cellular images.[@b8-ijn-9-2287] Therefore, attempts have been made to improve the stability and promote cellular uptake of QDs using surface chemistry modifications. This includes the functionalization of QDs with biomolecules such as antibodies,[@b9-ijn-9-2287] proteins,[@b10-ijn-9-2287] or peptides,[@b11-ijn-9-2287] as well as their coating with polymers or amphiphilic copolymers.[@b12-ijn-9-2287],[@b13-ijn-9-2287] However, modification of the QD surface may significantly alter their fluorescence properties.[@b14-ijn-9-2287] Once taken up by target cells, QDs often end up in the endolysosomal compartment or aggregate in intracellular regions.[@b15-ijn-9-2287] Earlier studies showed that QDs may disintegrate under acidic conditions in these compartments, leading to intracellular release of toxic heavy metals. This leads to oxidative stress, induction of apoptosis, and eventually, cell death.[@b16-ijn-9-2287] Recently, it was shown that polymer-coated QDs could be stabilized during cellular uptake. However, their coating dissociated in intracellular compartments such as lysosomes.[@b17-ijn-9-2287] Thus, new strategies are needed to improve both the uptake and the intracellular stability of QDs.

Amphiphilic block copolymers are known to self-assemble into various supramolecular aggregates such as micelles, tubes, sheets, or vesicles in aqueous solutions.[@b18-ijn-9-2287] In particular, polymersomes (Ps; so-called polymeric vesicles) have gained increasing interest in recent years for various biomedical applications, including their use as drug and gene delivery nanocarriers, nanoreactors, and even artificial organelles.[@b19-ijn-9-2287] Ps are nanometer-sized hollow spheres with an aqueous cavity surrounded by a hydrophobic membrane and hydrophilic inner and outer surfaces. They are promising candidates for nanocarriers because many hydrophilic and hydrophobic molecules can be incorporated into their aqueous cavity or their membrane, respectively.[@b20-ijn-9-2287],[@b21-ijn-9-2287] Additionally, chemical surface modifications can be used to tailor their physicochemical and biological properties to improve the delivery of a wide range of therapeutics.[@b22-ijn-9-2287],[@b23-ijn-9-2287] Numerous types of Ps have been proposed as nanocarriers for encapsulating small drug molecules, larger therapeutic proteins, and other types of nanoparticles.[@b24-ijn-9-2287]--[@b26-ijn-9-2287] Reports on the use of Ps as carriers of water-soluble nanoparticles such as QDs are scarce.[@b27-ijn-9-2287] Recently, Ps prepared from amphiphilic poly (D,L-lactide)-poly(2-methacryloyl-oxy-ethylphosphorylcholine) (PLA-PMPC) diblock copolymers have been used to encapsulate phosphorylcholine-coated QDs. This coating confers hydrophilic properties to the QDs and also creates ion-pair interactions with PMPC, binding QDs to the inner and outer surfaces of Ps.[@b27-ijn-9-2287] However, this approach has limitations, since the presence of physiological buffer can destabilize the QDs and release them from the surface of the Ps.

The present study aimed to use a recent type of diblock copolymers composed of poly(dimethylsiloxane)-poly (2-methyloxazoline) (PDMS-PMOXA)[@b28-ijn-9-2287] to prepare Ps and to load them with QDs. The hydrophilic fraction and molecular weight of the PDMS-PMOXA were chosen to meet the prerequisites for diblock amphiphilic copolymers to form vesicles.[@b29-ijn-9-2287] The neutral hydrophilic PMOXA outside the Ps thereby acts as a protein repellent, similar to conventional polyethylene glycol (PEG), to minimize interactions with phagocytic cells such as macrophages and monocytes.[@b30-ijn-9-2287],[@b31-ijn-9-2287] In this way, colloidal stability, cellular delivery, and intracellular stability needed for cellular imaging were improved. QDs were loaded into the aqueous cavity of Ps made of PDMS-PMOXA without altering the surface properties of Ps. Loading efficiency and colloidal stability in suspension were characterized by transmission electron microscopy (TEM), fluorescence spectroscopy (FS), zeta potential, and fluorescence correlation spectroscopy (FCS). The cellular toxicity of PDMS-PMOXA Ps was excluded by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Intracellular delivery of Ps containing QDs was investigated in human liver carcinoma (HepG2) cells. Concentration- and time-dependent cellular uptake of Ps containing QDs in HepG2 cells was analyzed using confocal laser scanning microscopy (CLSM). Results were compared to those obtained for liposomes containing QDs.

Materials and methods
=====================

Amphiphilic block copolymers
----------------------------

Poly (dimethylsiloxane)-poly (2-methyloxazoline) (PDMS~65~-PMOXA~14~) was kindly provided by Prof Wolfgang Meier (Department of Chemistry, University of Basel, Basel, Switzerland). This amphiphilic diblock copolymer was synthesized as described elsewhere.[@b28-ijn-9-2287],[@b31-ijn-9-2287] An excess of pre-activated PDMS was used to induce the polymerization of the hydrophilic PMOXA blocks. Unreacted PDMS was removed from the diblock copolymer by centrifugation.

Preparation of Ps
-----------------

Ps were prepared using a film rehydration method.[@b32-ijn-9-2287] PDMS-PMOXA diblock copolymer (5 mg) was first dissolved in pure ethanol (1 mL). The polymeric solution was evaporated to dryness using a rotary evaporator (Rotavapor; BÜCHI Labortechnik AG, Flawil, Switzerland; 174 mbar, 40°C, 80 rpm) to obtain a thin film. Residual humidity was removed in a vacuum oven (Vacutherm; Thermo Scientific, Wohlen, Switzerland) in high vacuum (0.3 mbar, 40°C, 4 hours). Phosphate buffer solution (PBS; 1 mL, 0.1 mM) was added to the film for rehydration under vigorous stirring at room temperature for 6 hours. The resulting suspension was extruded (Mini extruder; Avanti Polar Lipids, Alabaster, AL, USA) eleven times through a polycarbonate filter with an average pore diameter of 0.4 μm, followed by eleven extrusions through a filter with an average pore diameter of 0.2 μm (Nucleopores; Whatman, VWR International AG, Dietikon, Switzerland).

Loading of QDs
--------------

An aliquot (100 μL) of QDs solution (8 μM solution in 50 mM borate, pH 9) with a maximum red fluorescence emission of 625 nm (Qdot^®^ ITK™ carboxyl quantum dots, cadmium-- selenium core; Invitrogen, Life technologies, Lucerne, Switzerland) was mixed with PBS (900 μL, 1 mM) to obtain a final QDs concentration of 200 nM. The photoluminescence yield of CdSe QDs was previously reported to be negligible for emission wavelengths in the red spectral range.[@b33-ijn-9-2287] This suspension was added to a dry polymer film and stirred for 6 hours at room temperature and protected from light. QDs were encapsulated in Ps during the self-assembly process. After extrusion (as described in paragraph Preparation of PS), non-encapsulated QDs were removed by size-exclusion chromatography using a Sepharose 2B column (Sigma Aldrich, Buchs, Switzerland) eluted with PBS (0.1 mM). The first fraction corresponding to the Ps-containing QDs was detected by UV absorption at 280 nm. It should be noted that free QDs cannot be separated from the suspension by dialysis due to their big molecular size.

Dynamic light scattering
------------------------

Suspensions of empty Ps and Ps-containing QDs were measured for average size and size distribution using dynamic light scattering (DLS) with a Delsa™ Nano C (Beckman Coulter, Inc., Nyon, Switzerland) equipped with Dual 30 mW laser diodes (wavelength lambda: 632.8 nm). Data were analyzed using the CONTIN program[@b34-ijn-9-2287] (DelsaNano UI software version 3.73/2.30, Beckman Coulter, Inc.).

Surface charge -- zeta potential
--------------------------------

Suspensions of free QDs, empty Ps, and Ps-containing QDs were measured for zeta potential determination using electrophoretic light scattering in a Delsa™ Nano C. Suspensions were measured in a flow cell using PBS as buffer. Data were converted with the Smoluchowski equation (DelsaNano UI software, Beckman Coulter, Inc.).

Transmission electron microscopy
--------------------------------

Samples for transmission electron microscopy (TEM) were prepared using an aliquot (5 μL) of suspension of empty Ps and Ps-containing QDs on a carbon-coated grid. Samples were negatively stained with freshly prepared 2% uranyl acetate. The grids were air-dried overnight before TEM analysis (CM-100; Philips, Eindhoven, the Netherlands).

Fluorescence spectroscopy
-------------------------

A microplate fluorescence spectrometer (SpectraMax M2e, Molecular Device, Biberach an der Riss, Germany) was used to analyze the efficiency of loading QDs into Ps. All samples (free QDs, empty Ps, and Ps-containing QDs) were excited at 405 nm, and continuous emission spectra were recorded from 500 to 700 nm. All measurements were performed in a polystyrene 96-well microplate (Greiner-bio one, Frickenhausen, Germany). Fluorescence intensity of QDs changes over time. Therefore, fluorescence signals are represented in relative fluorescent units.

FCS
---

FCS measurements were performed on the surface of a cover glass using a Zeiss 510-META/Confocor2 laser-scanning microscope (Carl Zeiss AG, Feldbach, Switzerland) equipped with an argon laser (477 nm) in the FCS mode. Fluctuations of fluorescence intensity were processed by means of an autocorrelation function. FCS was used to analyze the loading of QDs into Ps and to determine quantitatively the number of QDs in each polymersome.[@b35-ijn-9-2287] Diffusion times of free QDs determined independently were included in the fitting procedure. All results represent the average of ten measurements. For stability determinations, Ps-containing QDs were analyzed regularly over a period of 6 weeks.

Cell culture
------------

HepG2 cells (ATCC HB-8065) were kindly provided by Prof Dietrich von Schweinitz (University Hospital Basel, Basel, Switzerland). Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with low glucose (1 g/L), 10% fetal bovine serum (FBS), 0.1 mM non-essential amino acids (NEAA), 2 mM GlutaMAX™, and 10 mM HEPES (all obtained from Gibco, Life Technologies, Lucerne, Switzerland) at 37°C under 5% CO~2~ and saturated humidity. Cells were confirmed to be free of mycoplasma (MycoAlert™; Lonza, Visp, Switzerland).

MTT cellular toxicity assay
---------------------------

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used with some modifications as described elsewhere.[@b36-ijn-9-2287] The MTT stock solution (Roth AG, Arlesheim, Switzerland) was prepared by dissolving 5 mg MTT/mL PBS, sterile-filtered, and stored at 4°C. Briefly, HepG2 cells were seeded at a density of 2.5 × 10^4^ cells/well in a 96-well plate. After 24 hours, the medium was removed and 100 μL aliquots containing the corresponding concentration of Ps were added. A blank medium served as a negative control. After 24 hours, the medium was replaced by blank medium containing 10% MTT solution. The plates were incubated for 2 hours at 37°C, and the resultant formazan crystals were dissolved by adding 3% soduim dodecyl sulfate (20 μL) and 40 mM HCl (100 μL) in isopropanol. Optical density was measured at 550 nm using a spectrophotometer (SpectraMax M2e; Molecular Device). Test substances showed no absorbance overlapping with the signal of MTT. Unspecific background signal was determined at 680 nm and subtracted to reduce artifacts.

Cellular uptake of Ps-containing QDs
------------------------------------

We analyzed the cellular uptake of Ps-containing QDs in HepG2 liver cancer cells using CLSM. HepG2 cells were cultured on poly-D-lysine--coated cover slips (\#1.5; Menzel Glasbearbeitungswerk GmbH & Co, KG, Braunschweig, Germany). Cells were incubated at 37°C with Ps (100--500 μg/mL) or liposomes (0.14 mM of phospholipids) loaded with QDs. Nucleus counterstaining was performed by adding Hoechst 33342 dye (1 μg/mL) to the cells 5 minutes before the completion of the uptake assay. Cells were washed three times with cold D-PBS (Dulbecco's PBS) and fixed for 15 minutes with 2% paraformaldehyde at 4°C. After an additional wash, slides were embedded in Prolong Gold antifade reagent (Gibco) and sealed with nail polish after drying. Samples were analyzed with an Olympus FV-1000 inverted confocal laser scanning microscope (Olympus, Le Mont-sur-Lausanne, Switzerland), using a 60× Plan Apo N oil-immersion objective (numerical aperture 1.40), and images were processed using either the Olympus FluoView software (v3.1, Olympus) or Gimp software (v2.8; GNU image manipulation program, <http://www.gimp.org>). Intracellular QDs were activated by light-emitting diodes (LEDs) with a wavelength of 400 nm (210 mW/cm^2^) or 490 nm (190 mW/cm^2^),[@b37-ijn-9-2287] using a pE-2 LED (CoolLED Limited, Andover, UK) excitation system. For activation, samples were exposed to a wavelength of 490 nm for 1 minute prior to analysis.

Results and discussion
======================

Characterization of Ps
----------------------

These last years, the development of Ps for technical or pharmaceutical applications is increasing. In this study, we have formulated Ps with a PDMS-PMOXA diblock copolymer, composed of 65 siloxane and 14 2-methyloxazoline units ([Figure 1B](#f1-ijn-9-2287){ref-type="fig"}),[@b28-ijn-9-2287],[@b31-ijn-9-2287] as nanosized carriers for QDs.

Size and morphology of extruded PDMS-PMOXA Ps were determined by DLS and TEM ([Figure 1](#f1-ijn-9-2287){ref-type="fig"}). The mean hydrodynamic diameter was approximately 205 nm for empty Ps and 223 nm for Ps-containing QDs ([Figure 1A](#f1-ijn-9-2287){ref-type="fig"}). [Table 1](#t1-ijn-9-2287){ref-type="table"} shows the polydispersity index (PDI) of free QDs, empty Ps, and Ps-containing QDs. The very low PDI values for both Ps preparations indicated a homogeneous population with a very narrow size distribution range.

However, the absence of a significant difference in average diameters of the two Ps preparations suggests that encapsulation of high-molecular weight QD nanoparticles did not affect the molecular self-assembly of PDMS-PMOXA copolymers into Ps. In TEM investigations, we observed spherical vesicles with a diameter of approximately 200 nm, confirming the formation of Ps. Collapsed Ps revealed a hollow vesicular structure ([Figure 1C](#f1-ijn-9-2287){ref-type="fig"}). A recent report on self-assembly of a similar molecular composition of PDMS-PMOXA into vesicular structures supports our findings.[@b28-ijn-9-2287]

Loading of QDs into Ps
----------------------

TEM investigations showed the presence of monodispersed QDs inside the Ps. QDs incorporated into Ps had the same appearance as free QDs in suspension, confirming that QDs were located in the aqueous compartment of the Ps without any aggregations. The morphology of empty Ps and Ps loaded with QDs remained the same ([Figure 1D](#f1-ijn-9-2287){ref-type="fig"}), confirming that encapsulation of QDs did not affect the formation of Ps. The number of QDs per Ps ranged from a single QD to tens of QDs, according to the statistical probability of available QDs in close proximity (for loading) during Ps formation. The stabilizing effect of the Ps provides indirect evidence that the QDs are contained inside the Ps, and are not just loosely attached to the outer surface of the Ps membrane. [Figure 2A](#f2-ijn-9-2287){ref-type="fig"} shows characteristic emission spectra of free QDs, empty Ps, and Ps-containing QDs at the excitation wavelength of 405 nm. The appearance of the characteristic emission of QDs without any shift in the Em~max~ (625 nm) in Ps-containing QDs and the absence of this emission peak in empty Ps demonstrated the loading of QDs in Ps without alteration of the fluorescent properties of QDs. Thus, QDs can be incorporated into Ps without aggregation and without affecting the fluorescence properties of QDs. The main advantage of QDs is not their high quantum yield, which is often lower than that of many organic dyes. However, their high absorption rate and increased photostability finally result in a brighter fluorescence signal. Moreover, the Stokes shift leads to a very low background signal. In [Figure 2A](#f2-ijn-9-2287){ref-type="fig"}, fluorescence signals obtained from Ps-containing QDs are lower than from free QDs. This can be explained by the fact that QDs are encapsulated within Ps, which absorbs some of the excitation light. In addition, not all QDs were entrapped within the Ps during their preparation and were thus lost during the consecutive purification steps. However, this reduced fluorescence intensity of encapsulated QDs can be easily compensated by an increased excitation light intensity since there is no risk of photobleaching.

Free QDs are characterized by a negative surface charge (zeta potential: −25 mV; [Table 1](#t1-ijn-9-2287){ref-type="table"}). After loading into Ps, the zeta potential increases to 9 mV. This positive value is very similar to the zeta potential of empty Ps. Thus, masking of the surface charge of QDs after loading into Ps is an indication of their presence within the Ps as opposed to a mere binding to the outer surface of the Ps.

FCS analyzes the intensity fluctuations of molecules in a defined confocal volume. These signals can be correlated to the diffusion time of molecules (τ~D~). We determined that τ~D~=4,000 μs for freely diffusing QDs and τ~D~=15,000--17,000 μs for QDs loaded into Ps ([Figure 2B](#f2-ijn-9-2287){ref-type="fig"}). This is in agreement with the reported diffusion time of Ps of a similar size based on the PDMS-PMOXA block copolymer.[@b28-ijn-9-2287]

Molecular brightness measurements have been used to calculate the number of fluorescent molecules encapsulated inside each polymersome.[@b25-ijn-9-2287],[@b38-ijn-9-2287] We estimated the average number of QDs per polymersome based on brightness obtained from the count rate per molecule (cpm, kHz). We calculated an average of four QDs/polymersome based on the brightness of free QDs and QDs encapsulated in Ps. The loading efficiency of Ps in our study was comparable with the reported loading efficiency of liposomes (ie, three QDs/liposome on average).[@b39-ijn-9-2287],[@b40-ijn-9-2287] However, we aimed to improve the loading efficiency by introducing 5% amine-functionalized PDMS-PMOXA copolymers in hydroxyl-functionalized PDMS-PMOXA copolymers to generate charges in the copolymer system ([Figures S1](#SD1-ijn-9-2287){ref-type="supplementary-material"}--[S4](#SD4-ijn-9-2287){ref-type="supplementary-material"} in supplementary material). We calculated an average of eight QDs/Ps based on brightness measurements. This was clearly superior to the loading of purely hydroxyl-functionalized copolymers (neutral charge). Our results suggest that introducing a small amount of amine-functionalized monomers to the copolymer system causes favorable electrostatic interactions leading to improved loading efficiency. Geometric considerations and analysis of TEM images suggest that much higher loading efficiency can be achieved up to a theoretical maximal up-loading content of 4,900 QDs per polymersome. However, the achieved accumulation of QDs at picomolar concentrations within individual Ps is sufficient to induce a bright fluorescence signal suitable for cellular imaging (see below).

Stability of Ps-containing QDs
------------------------------

The stability of Ps-containing QDs was investigated using size measurements by DLS, morphology analysis by TEM, and FCS analysis yielding release profiles of QDs from Ps. These tests were carried out over a period of 6 weeks at regular intervals ([Figure 3](#f3-ijn-9-2287){ref-type="fig"}). We did not observe any significant changes in size (\~200 nm) or size distribution, suggesting that Ps were highly stable and remained intact ([Figure 3D](#f3-ijn-9-2287){ref-type="fig"}). In addition, TEM showed the presence of QDs inside the Ps (\~200 nm), with no free QDs outside the Ps between day 1 and week 6 ([Figure 3B](#f3-ijn-9-2287){ref-type="fig"} and [C](#f3-ijn-9-2287){ref-type="fig"}).

For stability analysis, auto-correlation curves obtained with FCS were fitted with a two components model. Diffusion times of free QDs were determined independently and were included in the fitting procedure. The majority of the particle population (99.9%) represented QDs encapsulated in Ps, as confirmed by corresponding diffusion times (τ~D~=15,000--17,000 μs), that were similar to those of freshly prepared Ps loaded with QDs ([Figure 3A](#f3-ijn-9-2287){ref-type="fig"}). This finding confirms that QDs were not released from the Ps even after 6 weeks, due to the robust impermeable membrane of the Ps (\~15 nm).[@b28-ijn-9-2287] In addition, passive transmembrane diffusion is unlikely due to the high molecular weight of the QDs. Thus, DLS, TEM, and FCS experiments clearly indicated that Ps were highly stable. They retained their size and shape and entrapped the QDs for a long period of time.

Cellular viability (MTT) assay
------------------------------

Various types of PMOXA-PDMS-PMOXA tri-block copolymers were previously suggested to be non-toxic and non-immunogenic.[@b30-ijn-9-2287],[@b31-ijn-9-2287] The PDMS-PMOXA diblock copolymer used in the present study showed no cellular toxicity in a HepG2 human liver carcinoma cell line ([Figure 4](#f4-ijn-9-2287){ref-type="fig"}). There was no loss of viability in HepG2 cells after 24 hours of incubation with PDMS-PMOXA Ps at concentrations up to 300 μg/mL.

Cellular uptake of Ps-containing QDs
------------------------------------

Time-and dose-dependent uptake kinetics of Ps-containing QDs were studied using incubation times of 1, 7, and 24 hours and different polymer concentrations (100 μg/mL, 300 μg/mL, 500 μg/mL). While no uptake was observed for any concentrations after 1 hour of incubation, the uptake rate increased linearly from 7 hours to 24 hours, indicating the time-dependent uptake of Ps-containing QDs. Simultaneously, we observed a gradual increase in the uptake rate between the low concentration (100 μg/mL) to higher concentration (300 μg/mL), suggesting dose-dependent uptake ([Figure 5](#f5-ijn-9-2287){ref-type="fig"}). The appearance of red fluorescent signals, mainly in the perinuclear regions, was indicative of the intracellular accumulation of Ps-containing QDs in HepG2 cells. Concentrations of Ps used for imaging purposes rarely exceed 100 μg/mL. Under these conditions, cellular uptake is minimal. Free QDs are rapidly taken up by living cells. However, this process is not specific, and therefore QDs cannot be used to label defined tissues or sub-populations of cells within tissues. In addition, free Cd/Se QDs are cytotoxic because of their heavy metal core. In contrast, Ps-containing QDs were demonstrated in our work to be non-cytotoxic. Their cellular uptake is negligible. This absence of unspecific cellular interactions is a mandatory prerequisite for their use to implement specific targeting strategies. For this latter purpose (ie, to promote cellular targeting and uptake), Ps can be modified by covalent modification of their surfaces using, for example, receptor-specific targeting ligands. Thus, surface-modified, polymer-based nanoparticles can be conveniently labeled with stabilized QDs to study and visualize their cellular interactions.[@b41-ijn-9-2287] The low uptake between 1 hour and 7 hours suggests that the PMOXA block acts as a protein repellent, reducing cellular interactions of Ps. This property has previously been described for other types of nanoparticles such as PEGylated liposomes,[@b41-ijn-9-2287] and is a prerequisite for in vivo implementation of targeting strategies. Thus, prolonged incubation (24 hours) was needed to induce forced uptake by HepG2 cells. We presume that cellular uptake can be further increased by surface modifications of the Ps, such as, for example, cationization or coupling of specific receptor ligands.[@b41-ijn-9-2287] Previous publications suggest that cellular uptake of nanoparticles is a prerequisite to induce cellular toxicity.[@b42-ijn-9-2287] In order to explore the potential toxic effect of the Ps, the concentration in medium was increased to 300 μg/mL. A long incubation time (24 hours) under these conditions led to cellular uptake. However, the MTT assay demonstrated an absence of toxicity under these conditions of forced uptake. Therefore, we recommend to limit incubation times with Ps-containing QDs to 24 hours and not to exceed a polymer concentration of 100 μg/mL.

Intracellular stability of Ps-containing QDs
--------------------------------------------

QDs encapsulated in Ps or liposomes can be photoactivated by UV irradiation at 405 nm. This is a widely used technique to enhanced fluorescence signals of QDs in suspension or cells.[@b43-ijn-9-2287] Photoactivation was made evident by a blue-shift of cellular emission fluorescence signals by 10 nm (Ps) or 15 nm (liposomes), as compared to free QDs ([Figure 6C](#f6-ijn-9-2287){ref-type="fig"}). This is indicative of the slow degradation of the QD core under these conditions. In liposomes, photoactivation of encapsulated QDs resulted in a blurred and unspecific staining of the whole cell cytoplasm (data not shown, preparation of liposomes containing QDs can be found in supplementary material). However, photoactivation of QDs in Ps resulted in a sharp and punctuated intracellular staining pattern ([Figure 6A](#f6-ijn-9-2287){ref-type="fig"} and [B](#f6-ijn-9-2287){ref-type="fig"}). These results suggest that QDs encapsulated in Ps were retained in the intact polymer vesicles, whereas QDs encapsulated in liposomes were released into the cytoplasm due to degradation of the liposomal carrier.

In living cells, photoactivation of QDs is caused by the generation of reactive oxygen species (ROS) within the target cell.[@b43-ijn-9-2287] In view of the pronounced intracellular stability of Ps, the question arises how oxidation of QDs within Ps can be induced by cellular ROS. It was recently proposed that the membranes of Ps are permeable to ROS, such as superoxide or singlet oxygen, which are major contributors to the degradation of the QD surface.[@b43-ijn-9-2287],[@b44-ijn-9-2287]

For a similar type of Ps made of PMOXA-PDMS-PMOXA, ROS were reported to permeate the polymer membrane. Ps remained stable inside cells after having escaped from endosomes without releasing the encapsulated compounds.[@b24-ijn-9-2287],[@b25-ijn-9-2287],[@b45-ijn-9-2287] Therefore, it is possible that in our experiments, QDs were partially degraded inside the Ps without being released. Due to the stability of Ps in cellular conditions, degradation of QDs and background signals were dramatically lower in Ps than in liposomes. Similarly, increased photo-enhancement of QDs embedded in silica colloids have been reported in living cells, due to partial degradation mediated by oxidation with minimal aggregation.[@b46-ijn-9-2287] Results suggested that Ps protect QDs from biological interactions in cell compartments, thus improving the quality of cellular imaging.

Conclusion
==========

QDs are a promising tool for a variety of bio-imaging applications. However, their use in biological systems is limited by their chemical instability and toxicity. We demonstrated that loading of QDs into Ps made of the diblock copolymer PDMS-PMOXA may overcome these problems. In particular, Ps-containing QDs were stable for a prolonged time upon storage and had improved optical properties after cellular uptake.

The implications of these findings are two-fold. First, stabilization of QDs by a protective shell of diblock copolymers may facilitate their preparation, storage, and use in biological systems. Second, chemical modification of the Ps surface may improve their recognition and uptake by target cells. Therefore, design of such targeted Ps offers the possibility to deliver QDs to specific cellular targets within the organism for diagnostic purposes or imaging applications.

Supplementary material
======================

Materials and methods
---------------------

### Preparation of liposomes containing QDs

A mixture of lipids of disuccinatocisplatin (DSPC; 5.5 μmol), cholesterol (4.5 μmol), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-poly(ethylene glycol) (DSPE-PEG; 0.27 μmol), were dissolved in chloroform/methanol (2:1, volume/volume). The solution was evaporated by vacuum in a water bath at 60°C for 1 hour to form a homogenous lipid film using a rotary evaporator (Rotavapor, BÜCHI Labortechnik AG, Flawil, Switzerland). The lipid film was hydrated for 10 minutes in 1 mL in a 100 nM solution of QDs (Qdot^®^ ITK™ carboxyl quantum dots; Invitrogen, Life Technologies, Lucerne, Switzerland) in 0.1 M phosphate buffer solution (PBS) containing 1 mM EDTA, pH 7.2; extrusion was performed five times through a polycarbonate filter with an average pore diameter of 0.2 μm, followed by nine extrusions through a filter with an average pore diameter of 0.08 μm (Nucleopores, Whatman, VWR International AG, Dietikon, Switzerland).

Liposomes containing QDs were purified by size exclusion chromatography using a Superose 6 prep column (1.6 × 20 cm), (GE Healthcare, Cleveland, OH, USA) eluting with 0.01 M PBS, pH 7.2.

Results
-------

###### 

Size of Ps made of PDMS-PMOXA with 5% amine function (long-dashed lines), loaded with QDs. Average diameter of Ps was 210 nm.

**Abbreviations:** PDMS-PMOXA, poly(dimethylsiloxane)-poly(2-methyloxazoline); Ps, polymersomes; QDs, quantum dots.

###### 

TEM morphology analysis of Ps made of PDMS-PMOXA with 5% amine function, loaded with QDs.

**Note:** Scale bar represents 100 nm.

**Abbreviations:** PDMS-PMOXA, poly(dimethylsiloxane)-poly(2-methyloxazoline); Ps, polymersomes; QDs, quantum dots; TEM, transmission electron microscopy.

###### 

Analysis of QDs loading efficacy by fluorescence spectroscopy. Emission fluorescence spectra of free QDs (dotted-lines), Ps with 5% amine function containing QDs (long-dashed lines), and empty Ps (dashed lines), excitation wavelength 405 nm.

**Abbreviations:** Ps, polymersomes; QDs, quantum dots; RFU, relative fluorescent units.

###### 

Analysis of QDs loading efficacy by FCS. FCS auto-correlation curves, experimental (solid lines) and fitted (dashed-lines) of free QDs (dotted-lines), Ps-containing QDs (dot-dashed lines), and Ps with 5% amine function containing QDs (long-dashed lines).

**Abbreviations:** FCS, fluorescence correlation spectroscopy; Ps, polymersomes; QDs, quantum dots.
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![Chemical composition, size, and morphology of PDMS-PMOXA Ps-containing QDs. (**A**) Size distribution of Ps determined by DLS. Average diameter of Ps was 200 nm (dashed line: empty Ps, dot-dashed line: Ps-containing QDs); (**B**) chemical structure of PDMS-PMOXA amphiphilic block copolymers; (**C**) TEM analysis of Ps; (**D**) TEM analysis of Ps-containing QDs.\
**Note:** The scale bars represent 100 nm.\
**Abbreviations:** DLS, dynamic light scattering; PDMS-PMOXA, poly(dimethylsiloxane)-poly(2-methyloxazoline); Ps, polymersomes; QDs, quantum dots; TEM, transmission electron microscopy.](ijn-9-2287Fig1){#f1-ijn-9-2287}

![Analysis of QDs loading efficacy by fluorescence spectroscopy and FCS. (**A**) Emission fluorescence spectra of free QDs (dotted-lines), Ps-containing QDs (dot-dashed lines), and empty Ps (dashed lines), excitation wavelength 405 nm; (**B**) FCS auto-correlation curves, experimental (solid lines) and fitted (dashed-lines) of free QDs (dotted-lines) and Ps-containing QDs (dot-dashed lines).\
**Abbreviations:** FCS, fluorescence correlation spectroscopy; Ps, polymersomes; QDs, quantum dots; RFU, relative fluorescent units.](ijn-9-2287Fig2){#f2-ijn-9-2287}

![Long-term stability of Ps-containing QDs.\
**Notes:** (**A**) FCS auto-correlation curve of Ps-containing QDs at day 1 (dot-dashed lines) and Ps-containing QDs at week 6 (double dot-long dashed lines); (**B**) average particle size determined by DLS over 6 weeks (**C**) TEM analysis of Ps-containing QDs at day 1 (week 0); (**D**) TEM micrograph analysis of Ps-containing QDs at week 6; (**E**) TEM micrograph analysis of Ps-containing QDs after 1 year of storage at 4°C. Average size determined by DLS for the Ps-containing QDs after of 1 year storage was 221.1 nm (PDI =0.068). Scale bar represents 100 nm.\
**Abbreviations:** DLS, dynamic light scattering; FCS, fluorescence correlation spectroscopy; PDI, polydispersity index; Ps, polymersomes; QDs, quantum dots; TEM, transmission electron microscopy.](ijn-9-2287Fig3){#f3-ijn-9-2287}

![Viability of HepG2 cells incubated with Ps (MTT assay). HepG2 cells showed no loss of viability after 24 hours of incubation with different concentrations of Ps (50--300 μg/mL).\
**Note:** Data are means ± SD, n=3.\
**Abbreviations:** Ps, polymersomes; HepG2, human liver carcinoma cells.](ijn-9-2287Fig4){#f4-ijn-9-2287}

![Dose- and time-dependent uptake of Ps-containing QDs in HepG2 cells. Ps concentrations incubated with HepG2 cells were 100 μg/mL (upper row, recommended concentration) to 300 μg/mL (lower row). Incubation times were 1 hour (left column), 7 hours (center column), and 24 hours (right column, condition of forced uptake). QDs were photo-activated at a wavelength of 490 nm for 1 minute. Red fluorescence: Ps-containing QDs, blue fluorescence: nuclei stained with Hoechst 33342.\
**Note:** Scale bars represent 10 μm.\
**Abbreviations:** Ps, polymersomes; QDs, quantum dots; HepG2, human liver carcinoma cells.](ijn-9-2287Fig5){#f5-ijn-9-2287}

![Fluorescence activities of QDs loaded into Ps under intracellular conditions.\
**Notes:** HepG2 cells were incubated with Ps-containing QDs (red signal) and were analyzed before (**A**) and after (**B**) photo-activation at a wavelength of 400 nm for 15 seconds. (**C**) Emission peak of a lambda scan of intracellular QDs in Ps (solid lines) and in liposomes (dashed-lines) compared with free QDs (dotted-lines). Nuclei were stained with Hoechst 33342 (blue signal).\
**Abbreviations:** Ps, polymersomes; QDs, quantum dots; HepG2, human liver carcinoma cells.](ijn-9-2287Fig6){#f6-ijn-9-2287}

###### 

Size, PDI, and surface charge of QDs and Ps

  Sample              Diameter (nm)                                     PDI     Zeta potential (mV)
  ------------------- ------------------------------------------------- ------- ---------------------
  Free QDs            7--10[a](#tfn1-ijn-9-2287){ref-type="table-fn"}   nd      −24.18
  Empty Ps            205±7                                             0.075   5.62
  Ps-containing QDs   223.9±9                                           0.053   9.69

**Note:**

Size according to data provided by the manufacturer for ITK™ carboxyl quantum dots (Invitrogen, Life Technologies, Lucerne, Switzerland).

**Abbreviations:** nd, no data; PDI, polydispersity index; Ps, polymersomes; QDs, quantum dots.

[^1]: These authors contributed equally to this work
